Chapter 1 Muon Beamline

1.1 Introduction

In this chapter, we discuss the muon beamline. iflsisides the collimators and anti-proton stopping
window in the Transport Solenoid (TS), and the mstmpping target, beam monitor, proton and
neutron absorbers, beam stop, vacuum system apadrsgiructures in the Detector Solenoid (DS)
region. The TS system filters the particle fluxgwoing a momentum- (< 0.08 GeV/c) and charge-
selected muon beam, with good reduction in contatiin frome®, i/, 77, p, and p during the detector
live-time. The muons have high efficiency for stgpin the muon stopping target, and the electron
momentum spectrum from muon decay in flight cutsaal below the electron momentum from-e
conversion, 105.0 MeV/c in Aluminum and 104.3 MeWfditanium. A germanium crystal x ray
detector measures the absolute rate for muonic &iomation, and functions as a continuous real-time
muon beam monitor. Muons not stopped in the taagetransported to the muon beam-stop. Protons
and neutrons originating from muon capture in tiop@ing target are attenuated by absorbers to
minimize detector background rates. Finally, detestipport and vacuum requirements are discussed.

1.2 Collimators

The design of the transport solenoid is discusséghgth in Chapter 7. The purpose of the collimato
is to exploit the slow drift, perpendicular to thiane of the S-shaped TS magnet, in opposite chrect
by positive and negative charges. The verticalldgment midway through the S-shape TS magnet is:

D(m) = _Q 7 P?+05P’
e 06B(T) P_(GeV/c)

wheree is the charge of the electron, aRd (Pr) is along (transverse) the magnetic field. Bestties
slow drift, the particles execute fast gyrationghwadius:
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As can be seen from the above equations, the aibhirs filter the beam favoring low-momentum
particles. The anti-protons are highly non-relatig, and stop in the 0.007 inch thick Kapton anti-
proton stopping window. Almost all the electrons eelativistic and largely pass before the stathef
detector live-time, which begins about 650ns dfterproton bunch hits the target. The pions lgrgel
decay before the start of the detector live-timi pAsitively charged particles and high momentum
particles are highly attenuated by the collimators.

Cylindrical collimators are placed in the first dalast straight sections of the TS. The first codltor is
made of cooper. The last is made of polyethyl€td,) loaded with either Boron or Lithium to protect
the detectors from neutron backgrounds. The impbdenensions are given in Table 1. The mid-TS
collimator passes muons with 1Iz< -19cm. Recently, thin annular foils with inner radius 8m were



added to collimator 3 to stop low energy muons Wwhould miss the muon stopping target, and
shielding was added to protect the TS coils frodiai@on from the proton target (see MECO WBS 1.5.2

Reference Design). The first two collimators witle TS shielding are shown in Figurd.

Table 1: Parameters of three TS collimators from WE 1.5.2 Reference Design. Position of the centeiinghe
standard MECO coordinate system. The central collimator also restricts 1 <z< -19cm, as shown in Figurel.1.

Collimator |Position of Center | Inner Radius | Length

1 390.4,0,-345.4cm| 15-17cm 1m

2 0,-9,0cm 15cm 0.8 m

3 -390.4, 0, 343 cm 12.8 cm 1m
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Figure 1.1 Conceptual engineering drawing {meco 110} shomg the first and second collimators (H and G), andhe
shielding to protect the TS coils (S).

Collimator sizes were optimized to remove or hagasilppress electrons above 100 MeV, a potential
source of background. GEANT simulation studies gisire collimators described above in a full
simulation of MECO with 10primary protons on the production target complesdiminated 100 MeV
electrons at the exit to the TS. Furthermore, Isrgieof the graded magnetic field, 100 MeV elecsron
originating in the production solenoid will havesutfficientPr to hit the detectors.

1.3 Absorbers



The MECO absorbers in the Detector Solenoid are@@signed to moderate protons and neutrons.
Figurel.2 shows a schematic view of the DS magnet, tiengtine boron or lithium loaded
polyethylene proton absorber and neutron absorbgide the DS vacuum. The largest potential
contribution to the tracking detector rate is frprotons from muon capture in the stopping target.
Without shielding, the average rate in individuatking detector elements is abov& Ha. However,
the average rate from protons is reduced faHEOwith the proton shield {meco100}. The interface
between the neutron absorbing shielding materidithe DS is as follows:

* Individual pieces of the shielding material wilsteagainst the walls of the DS warm bore.
These pieces have an axially varying weight loaldigis as 23.6 kg/cm at the upstream end to
6.34 kg/cm at the downstream end of the magnet.

» The shielding material will bolt to the threadedsaelded to the warm bore walls, as described
in the Conceptual Design of the MECO DS Warm Bore Attachments document on the MECO
web page.
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Figure 1.2: Schematic drawing of the Proton and Neutron Sklds in the Detector Solenoid. DAB1 represents the
proton shield. DAB2-4 represent different sectionsf the neutron shield.

Neutrons produced in the muon stopping target a@ential source of background in the cosmic ray
veto counters that surround the Detector Solefdid. MARS {meco0128} Monte-Carlo program was
used to simulate these neutrons. Although theskest are continuing, acceptable fluxes were obthin
with 30% boron loaded polyethylene. Lithium loagedyethylene was also studied, but it is more
expensive and did not significantly reduce the fluxhe detectors.

1.4 Stopping Target

The goal of the stopping target design is to mazénthe probability for beam muons to stop and for
conversion electrons to be detected in the tragkdrcalorimeter. At the same time, the target shbal
designed to minimize the energy loss of conversientrons as they exit the target and to mininize t
number of electrons from muon DIO that reach theking detector. Furthermore, detector rates, e.g.
beam electron bremsstrahlung, and backgrounds;@saqic ray interactions in the target, are
minimized with the smallest possible target mas$e ffansverse size, thickness, spacing, and nuofiber
thin disks that comprise the target were optimizeldest achieve these goals.

The baseline target, with mass 159 g, has sevefit@2rcm thick Aluminum disks. They are arranged
parallel to each other, centered on the Solenoigndaaxis and with each face perpendicular tohe T



target is tapered in the downstream direction, Withcm disk spacing and radii from 8.30 cm to 6.53
cm. The target is placed in the graded portiorhef@S magnetic field, with the first disk at 1.6and
the lastat 1.30 T.

Muons stopped in the target supports produce deleayrons with much larger detector acceptances
than those which stop in the target. This requinegarget support mass to be kept to a minimum. A
design study for target support and of the consetetector rates is planned. A simplified caldokat
of the detector rate from the support materiabfel. The figure of merit for the support matergathe
ratio of tensile strength to densityp ; for this preliminary study we use Aluminum alldg0 withT =
325 Mpa ang = 2.64 g/cril The ratio of the mass of the support inside thembeam profile to the
mass of the target, supported at the tensile stieigR = oLg/T = 10°. It is convenient to take this
equal to the ratio of the number of muons whiclp stothe target supports compared to stoppingen th
target. The diameter of the support wire is typyca pm. A simplified calculation of the detector
acceptance for muon decays originating in the suppompared to the target gives' .10hus, the ratio
of the flux of DIO electrons hitting the detecta@ming from the supports to that from the target is
roughly estimated to be T0The fraction of the detector rates from muon gteaae ~0.2; hence, 2% of
the total rate. This would be acceptable, howesameful design studies are needed.

We are also planning to use a Titanium target. @ has not been a conceptual design of the Titanium
target yet. Thet lifetime in Titanium is much shorter than in Alumim (see Table 2) leading to almost
twice the maximum capture rate at the beginningpefdetector live-time (see Figute3). The tracker
rates are dominated by capture secondaries. Hoywneepredicted Titanium muon conversion BR
varies from 1.5 to 1.7 times that of Aluminum, degi@g on whether the new physics process is scalar
or vector in form {Kitano:2002}. Also Titanium hasshorter radiation length relative to the dE/dx
stopping power, leading to increased background#hié point, given the simulations performed thus
far, it is not possible to say which target wigithe best signal/background. At the February5200
UCI MECO meeting, the collaboration decided thatskould build both.

Table 2: Comparison of Aluminum and Titanium targets.

Target Al Ti

W Lifetime 880 ns 329 ns

feap VS io 60% vs 40% 85% vs 15%
Conversion BR Ti/Al | 1.0 =15-17
dE/dx (min) 1.62 MeV cni/g 1.48 MeV crfig
Xo 24.0 g/cm 16.2 g/cm

Figure 1.3: Relative rate of muon captures for Aluminum awl Titanium targets.
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1.5Muon Target Monitor

1.5.1Purpose and Method

Given the complexity of generating and collectiog lenergy negative muons in the production
solenoid, and transporting them via the transpadreid to the target foils in the detector solendtiis
evident that some means of confirming the rateiatedjral number of negative muons which stop on
the target foils is crucial. It is equally evidehat such a device will prove indispensable initiitgal
process of tuning conditions for the proton beauchthe solenoids.

We propose that an effective and reliable Muon SitapTarget Monitor can be established by
observing the prompt production of muonic x-rayschrsignal the formation of muonic atoms in the
target foils. This objective can be achieved i§ ipossible to conveniently locate a germaniumalete
where it can view, without serious deadtime, phstooming from the target foils. Such x-rays are
unambiguously characteristic of a muonic atom'sn&aumberZ. In addition, the highest yield x-ray is
the 2p- 1s radiative transition which confirms the arrieéla muon in the initial state needed fee
conversion. Other observable x-rays, having substanelds and signaling arrival in the 1s state

the 3p- 1s, and the 4p. 1s. Typically the 3d- 2p transition which populates the 2p state also
appears in the energy spectrum. The study of sxaficeatom x-rays has a long and productive history
which closely parallels the development of semicmtor spectrometers, the Si(Li) for detecting low
photon energies and the intrinsic Ge for mediurhigh energies. Members of this Collaboration have
had extensive experience in these fields.

Table 3: Transition energies for muonic atoms: Alunmum and Titanium

Transition | Al (keV) |[Ti(keV)

3d-2s 66 189

2p-1s 356 1021

3p-1s 423 1210



4p-1s | 446 | 1277

A germanium detector crystal of significant sizewd be used to collect the energy spectrum of the
muonic x-rays whether the target foils be AluminanTitanium. Table 3 lists approximate energies for
x-rays from Al and Ti. Recording the rate of thégéenergy photons at a FWHM resolution of 2.2 keV
unambiguously identifies and monitors negative nsuamiving in the 1s atomic level of the stopping
target material.

In principle, this detector is also sensitive te gossible generation of pionic or antiprotoni@ys if
these negative particles were to reach the taogst However, observable x-ray energies from these
hadronic atom transitions are cut off when theatad rate from a given upper atomic level is
overtaken by the competing strong nuclear absarptite. This coupled with the short lifetime of 126
for pions should rule out a pionic target-atom aig®n the other hand a beam contamination of
antiprotons stopping on the Aluminum foils mightvba measurable yield for the circular4f3d x-
ray, 202 keV in Al or 588 keV in Ti, and possibhet3d - 2p, 586 keV in Al or 1679 keV in Ti.

1.5.2Location for the Germanium Detector

Three requirements determine the best locatiothi®Ge detector to view the muon target:

1. The detector should only view the target, if polesiblence the first requirement is for good
collimation ahead of the detector.

2. Because of the extraordinarily high x-ray rate,wtti®"* Hz, the detector must be far from the
source, along a low-attenuation path, and

3. The detector must be lie beyond the DS magnetid fibere it can be serviced periodically with
cryogenic liquid and annealed to repair neutronatzn

Figurel.4 shows an optimal layout for the Ge detectorcWisiatisfies these requirements. The photon
spectrometer is placed along the axis of the detesctienoid, at the downstream end of the moveable
concrete shield wall. From there it views all fdilsad-on, with the front foil 15 m and the downaitne
foil 14 m away. Collimation is conveniently provitley bore holes in the 0.5 m steel wall and theni.0
concrete wall. A sectioned vacuum pipe runs thrahglse walls starting at the back face of the detec
solenoid. The pipe is not coupled to the deteattar®id so that the section through the steel ezl
travel with the wall whenever it is necessary tmgeacess to the detector solenoid.

Figure 1.4: Layout of Muon Beam Monitor

Figure 1.5: Europium-152 Calibration Lines listed in keV

Transmission of 356 keV x-rays passing througlialAluminum foils is 90%. At the back end of the
DS vessel a 5 cm dia. stainless window of 0.2 dokitiess and thin windows on the vacuum pipe
transmit 85% at this photon energy. For muons stgpin the steel window the muonic x-ray energy is
E(2p - 1s) = 1426 keV. Beyond the DS vessel a vacuumtpgmsports photons through the stainless
steel wall and the heavy shielding block wall te ghoton spectrometer endcap. Copper ring
collimators placed within the vacuum pipe limit ptws to the central 3 cm dia. portion of the
germanium crystal, defining a target center-to-@iysactional solid angle of 34 10°’. At a muon



stopping rate of 10 Hz the germanium detector will process the K-sexieay events (2p- 1s, 3p—

1s, 4p— 1s) at 31 kHz. A 45 cirgermanium crystal with 3 cm depth is expectedajatare full-energy
events for the 356 keV x-ray of muonic Aluminumwén efficiency of about 50%. For the 1021 keV
x-ray of muonic Titanium this efficiency drops t8%. The combination of high, full-energy event
efficiency and excellent peak resolution (2.2 keg}ures that the muonic atom formation process is
well determined.

1.5.3Calibration

The spectrometer system can be calibrated in #melatd way, which typically involves one or more
calibrated radioisotopes. It happens in our cagedlsingle source of Europium- 152 (12.7 year-half
life) spans the energy range of muonic x-rays fitree an Aluminum or a Titanium target. A i
strength source placed just outside the detectizagncan accomplish this. Typically calibrationadist
collected simultaneously with the experimental datiae muonic lines are not overlapped by caliiorat
lines. The well established gamma energies andriengetal yields for>’Eu are illustrated in the
semilog plot of Figurd..5.

To obtain an absolute measurement of the muonm &omation rate it is necessary to make an
absolute calibration of the total efficiency (deteenergy efficiency solid angle) for gammas leaving
the target position and being detected by the geitmadetector. For this a special measurementeof th
total efficiency can be made anywhere once the &ectbr system is available. A stron§&Eu source
(100 .Ci) can used in a full scale mockup of target {d& detector, windows, collimators, and vacuum
or helium environment. Locating the source at wsitarget foil positions, spectra can be taken over
long time-interval runs to map out the total eicty.

1.5.4Selection of Germanium Spectrometer System

A number of vendors supply complete spectrometstesys. Three prominent vendors are Princeton
Gamma Tech(PGT), Perkin-Elmer (Ortec) and Canbéirthe present time we have a quotation from
PGT, and have requested the same from the othefiotwis.

Among our early concerns about viewing in this tmrathe target with such a system were the
following:

1. The event rate in the detector for muonic x-raygioating in the target foils is quite high when
compared to previous muonic x-ray experiments :

With today's high rate preamplifiers of the tratwigeset variety this is no longer a problem.
These are rated as capable of maintaining a fwisolugon of 2.2 keV while handling a count
rate of 800,000 MeV per sec. This should readitisBaour requirements.

2. The detector rate for the interaction of fast mgapture neutrons (> 0.5 MeV) is high enough to
induce damage in the detector's germanium crystal :

This stems from the fact that fast neutrons caseauclear dislocations in the crystal lattice
thereby building up trapping centers for the sigrrge carriers. At a level of A6islocations



per cnf in n-type germanium a deterioration of peak shapelution will begin to show in terms
of a low energy tail. The nuclear interaction lénigt germanium is 88.3 g/ciriTherefore in a 3
cm thick crystal 17% of the neutrons can inter&ten that half of the muons capture on
Aluminum, producing fast neutrons, this leads tata for inelastic neutron events in the Ge
crystal of 2.6 kHz. In a Gsec run there will be a need to rehabilitate tystal every 1-to-1.5
months. Should damage become evident it is pos&ildaneal the crystal off-line using the
vendor's neutron radiation repair kit. For n-tygenganium the charge carriers are electrons.
When trapped in a lattice defect these can begetequickly with less serious reduction in the
total collected charge than for p-type germaniumné¢ we would select an n-type intrinsic
germanium detector with a fast-reset preamplifberiest high-rate performance. The need to
periodically anneal the detector for damage coake this system down for possibly a shift or
two. For this reason we believe there is a need foaickup detector in the Target Monitoring
system.

3. The transport solenoid delivers a flux of electramthe detector solenoid which is about 500
times greater than that for negative muons inniteal 150 ns following a proton pulse. In the
interval between 150-to-750 ns, when most of themsiarrive, this ratio falls toward 1.0. These
electrons have energies ranging up to 70 MeV. Bs&naislung photons are produced in the
forward direction by 16% of the electrons passhmgugh the target foils. These photons,
therefore, add to the muonic x-ray flux arrivinglta¢ germanium detector :

Beam electrons are to be swept from the vacuumlpipgplying a transverse field of 0.1 T
across the pipe. This would provide a deflectioifigant to remove the electrons from the pipe
within a field length of less than one meter. Tletdocation for this sweeper would be between
the stainless steel wall and the back concret&kbBremsstrahlung photons would be dealt with
by inhibiting the preamplifier during the 0-to-186 interval.

1.6 Beam Stop

The muon beam stop (MBS) is designed to absorkrieegy of beam particles, which consist mainly of
e andyu (see Table 8.3) that reach the end of the detsotenoid, while minimizing the background to
the detectors from the muon decays and capturtbe ibeam stop, especially during the detector live-
time, which begins about 650ns after the protorchumts the target {meco127}. Of the beam particles
that arrive at the stopping target region, 50% abns and 84% of electrons continue towards the dump
Bremsstruhlung photons produced by electrons, lamgitoducts of muon decay and capture in the beam
stop can hit the detectors if the beam stop isapldoo close. Near the rear of the detector salethei

axial magnetic field intensity drops along the besiap direction; this is a critical feature of theam

stop. The field gradient reflects most chargediglag produced in the stop away from the detectors.

During the beam stop optimization we satisfiedftl®wing requirements: the beam stop should be far
from the detectors and the solid angle from therbs#p to the detectors should be minimized tocedu
the flux of secondary particles leaving the beaop &t the direction of the tracker and calorimetére
inner radius of the beam stop cylinder walls canb®otoo small, otherwise the muons and decay in
flight electrons start to hit the walls earliertire region close to the calorimeter. This defines a
requirement that the first part of the beam staqgukhhave the inner radius only somewhat smallan th
the minimal distance from the calorimeter to thesaXhe second part of the beam stop should have a
small radius, but at the same time allow all elatdrand muons to propagate to the downstream face o
the beam stop. We have chosen the radius of tlemdguart of the beam stop R=32 cm and the position



of the downstream face of the beam stop z = 1700cthe standard MECO coordinate system. One
can see in Figurg.6 and Figurd..7 that in this case all the late electrons (afrivne after 600ns) and
muons hit the walls of the beam stop in the regien1600cm. In this region the field is less tha®@b0T
(5% of the 1.0 T magnetic field in the tracker egi Almost all the beam patrticles hit the dowaain
face of the beam stop.

Table 8.3: Particles flux per beam proton at the Dector solenoid entrance from FLUKA simulations. “Late”
particles have an arrival time after 600 ns.

| All o | All g | All e | Late & | Al et | Late €' | All 1@

Flux | 18x02 | 8.2x106 | 0.226 | 4.6x10% | 0.0324 | 7.4x105 | 2.7x106

To make a choice of the material to be used omnther surface of the beam stop, the following
considerations were taken into account. There@reedenefits to a high atomic number material en th
inner surface of the beam stop, as almost all maomsguickly captured; the muon lifetime in the dea
for example, is only 80ns. Therefore, the seconganticles from the beam stop do not contribute to
the detector and calorimeter rates during the nreasent period. Unfortunately, the neutrons from the
muon capture cause unacceptable radiation damayeds in the calorimeter. The calculated neutron
flux in the calorimeter regioinom the muon capture in the beam stop is showiralsie 4. The neutron
flux in the calorimeter from the GHbeam stop is less than the neutron flux from neapture in the
Aluminum stopping target, 3xibneutrons/crmover the life of the experiment, whereas the Lesahi
stop gives considerably more neutron flux in thertaeter. The need to limit the APD radiation
damage from neutrons led to our choice of,@H inner surface of the beam stop.

Table 4 Peak neutron flux in the calorimeter from nuon capture in the beam stop during the life of thexperiment
(10" sec).

Material on the inner Peak neutron flux in the calorimeter,
surface of the beam stop | n/cm?

Lead 4x10™

CH, 6x10°
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Figure 1.6 Trajectories of beam electrons with late arrivatime (after 600 ns). In this plot, the electrontajectories
start at the end of the TS. Red indicates electronblue indicates gammas.
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Figure 1.7 Trajectories of beam muons (green) and electrer(red) from muon decays. Blue indicates gammas, steed
black lines indicates neutrons. CHis indicated by yellow lines.

Finally the beam stop has a 2cm thick stainlesd siginder which covers the whole region betwdan t
calorimeter and the front face of vacuum closuge (see Figurd.8). From the inner surface it is
covered by ChH with 2 cm thickness on the first 75 cm alongzhaxis and 9 cm thickness on the
remaining 268 cm. To decrease the flux of brerabfing photons at the vacuum pump locations, the
beam stop stainless steel cylinder is covered fyataide by a 2 cm thick Lead layer, which is 184nm
length. The cosmic ray shield inside the steehcdr is covered by a 10 cm thick €ldyer with a

10cm diameter hole in the center for the muon st@pfarget monitor pipe.
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Figure 1.8 Beam stop design showing CHyellow), stainless steel (red), Lead (blue), arttie calorimeter (black cross-
hatched).

The chosen design of the beam stop not only largghpresses the contribution to the rates from
secondary interactions in the beam stop regionalsatleaves enough room for cables in the vacuum
volume outside of the beam stop.



1.7 Detector Support Structure

1.7.1Introduction, Choices and Constraints

In this section we discuss the mechanical supparttsire for MECO elements in the Detector Solenoid
These are the muon target and its thin protondleeiension, the tracking detector, and the trigger
calorimeter. For discussing its support structwe treat the muon beam stop as another “detedtiot’.
part of the detector support, but interacting dipseth it is the rear vacuum endcap that closes th
vacuum volume. Also interacting is the back enthefcosmic ray shield (CRS), and the muon target
monitor.

We constrain the detector support structure byrséeboices:

* Allinitial detector assembly, subsequent serviepairs, or element replacements are done
outside the solenoid.

» All electrical cabling and gas or fluid plumbingeazompleted outside the detector, including the
inside connections to the vacuum feedthroughsthesolenoid. This allows complete electrical
testing of the cabling and integrity testing ofgdls and fluid lines, as well as the commissioning
of the entire detector system before its inserindo the solenoid.

* An absolute stay clear radius for conversion etectrajectories.

* No articulation of cabling and gas lines inside $b&noid. It would violate the stay- clear
constraint.

» Maximal rigidity of the support structure for eagdétector to preserve relative location of the
detector elements. Ideally, the rigidity shouldalbéevel of detector resolution for the tracker.
This internal rigidity requirement for each detedtonot imposed for the relation between the
beam stop, the tracking detector and the calorimete

To satisfy these constraints, a rail and cart sysseused to roll the detectors into and out of the
solenoid through the downstream end after thedmalle of the vacuum flange is undone. For the no-
articulation and connections-outside constrairitsha vacuum feedthroughs are on the instrumeontati
feed-through bulkhead (IFB). The detectors rolWard or backward together with the IFB, so that
cables and gas lines with nominal slack stay caedeturing the move. The two detectors are mounted
on separate carts to keep the cart length shbegaing the rigidity constraints. The two deteatarts

and the IFB are coupled together with fixed-lenghplers. A third cart, for the muon target andig@no
shield, is rolled into the solenoid independentigt coupled to the others. It can stay in placerwhe
detectors are rolled out for servicing. In additionnstrumentation feed-throughs, the IFB also/joles
easy access to the Muon Beam Stop (MBS). Thisdsmaplished through an access cover on the end
face of the IFB. The cover also contains a 10 damdter window on the beam axis for the x-ray
monitor of the muon target.

1.7.2Rails and Roll-in Sequence



Three separate track systems are needed in mdwdetector-MBS train and the rear closure of the
cosmic ray shield.

A rail pair is mounted directly to the inside walflthe solenoid for supporting and moving the three
internal carts. These rails will be precision, kraad ball-bearing roller systems for reproducible
positioning of the detector and target carts. Titernal rails end just upstream of the MBS, but are
extended rearward on a series of vertical stanslehifing the installation.

The heavy 2.0 m long MBS rolls on its own rails mtmd on the on top (inside) of the 0.5 m thick iron
magnet return yoke which also serves as part gbdlssive cosmic ray shield. The bottom quartehisf t
yoke stays in place, supporting the MBS rail. Taterdal positioning needs to be only accurate entnigh
align the IFB flange bolt circle. These rails canrbade with conventional railroad type track and
flanged wheels. These rails also get extended ditakstand-offs during the installation.

Finally, a heavy duty pair of rails on the AGS fla® used to roll back, by about 10 m, the transwer
cosmic ray shield (CRS) of 0.5 m of iron or stasslsteel, scintillators and concrete. A 2 m seation
the top 3/4 of the magnet return yoke is cantileddrom the transverse and rolls out with it toegiv
access to the bolt circle of the IFB flange.

Figurel.9 and Figurd.10 show the steps in the installation sequenice.ifistallation starts with the
cosmic ray shield in its rear open position, the3/B its backmost position, and all track extension
place. The muon target cart and the two detectts,oaith the tracker and calorimeter already mednt
are in turn lifted onto the detector rails. The gowgs connecting the MBS and the detector cads ar
installed. All wiring and gas lines are installetidully tested. At this point the installationsspped
for the complete commissioning of the detectoresyst

Because the outside rails accommodate the entiomtrauget and detector system, the detector
commissioning can be done before, or in paralléhwhe installation and testing of the
superconducting solenoids.

After the solenoid is ready and the commissiongngampleted, the detector-MBS train is rolled
forward, with the rail extensions removed one bg:dnist for the detector rails, then for the MBfils
as their respective carts move them.

When the detector carts are in place, the IFB #asdolted. The final step is the forward rollioig

CRS to complete the enclosure just behind the nimeam stop. The muon monitor pipe travels with the
CRS and is not physically coupled to the thin wiwdo the IFB. The entire procedure is reversed ste
by step, during a roll-out for servicing.

Table 1.5: Detector solenoid inner radial constraints.

Name Dimension
DS cryostat inner radius 0.95m
Stay clear radius 0.68m
Tracker outer radius 0.70m

Typical detector inner radius | 0.38m

Thickness of Proton absorber | 0.03m

Clearance 0.03m



1.7.3Radial Dimensions

The detector supports must satisfy a set of rédidi#tls enumerated in Tabte5. The radial space
between 0.68 m and 0.95 m is shared by the poligthyneutron shield, tracks, the detector support
carts and structures and the entire cable plarthédetectors, all gas and fluid lines, on-board
electronics, and clearance space. Coexistencaipramium.
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Figure 1.9: Steps 1 through 4 starting the Installation Sguence. The muon target, detectors, and muon beartop in
this installation drawing are from earlier designs;however, the overall scale is still appropriate.
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Figure 1.10: Steps 5 through 8 concluding the Installatiosequence.

1.7.4Detector Cages and Carts

The support structure is similar for all three saa rigid rib-and-truss cage surrounding the detsc
and riding on the rollers.



Figure 1.11: Isometric Drawing of a 3-rib detector cage.

The basic structural element is a transverse nlAlaminum annular disk with inner radius at thayst
clear and largest practical outer radius. Large$iatut in the ribs all around the circumferenceyidle
a path for cables and lines without compromisir@rtmechanical integrity. The total cross-sectional
area available in the cable penetrations is 3700 The cage construction is shown in Figlirgl.

Consecutive transverse ribs are connected by lagigéil Aluminum trusses, made from bisected I-
beams, to form a rigid cage. Details such as tmeban and thickness of ribs and the length of
connecting trusses will vary detector by detedtat,the elements are the same. The detectors are
mounted directly to the cage. Figurd 2 shows a cross-section of the tracker cagelatattor; Figure
1.13 shows the same for the calorimeter cage.

The internal rail system will either be stationaaits with moving rollers or moving rails on statary
rollers; the choice will be made as part of theadet design.

The polyethylene neutron shield at the outer radus cm thickness in the detector region, will be
mounted directly on the solenoid wall. Therefohe, tib extends from the 0.68 m stay-clear radius to
0.88 m, giving a width of 0.2 m for the rib annul@i®e rigidity of the cages will be calculated ifirdte
element analysis as part of an engineering design.



Figure 1.12: Cross Section of Tracker Cage with the Longidinal Tracker Detector.

For the tracker, the length of the cage is 3-3.&nch the detector weight supported is negligiblee Th
cage provides a convenient mounting platform ferttacker. The tracker cage length will exceed the
tracker length for diagonal tensioning of the texcétraws, as is needed. The mounting, complidayed
the need for load transfers during the installatiod the evacuation of the vessel, will be dorté&eén
detailed engineering design. The calorimeter cagem long, supports 4 individual detector vanehea
weighing 600 kg, for a total of 2.4 tons. For theget/absorber cart the weight supported is ewtirel
negligible, but the length is about 3.35 m. Eadecter cart rides on a three point support, with tw
rollers on one rail and one on the other, to atoidques on the cages. The single roller will hasas
sideways freedom for rail spacing tolerance.



Figure 1.13: Cross Section of Calorimeter Cage with the Qarimeter Detector.

1.7.5Surveying

It will be practical to put several survey targetsthe detectors and cages, to determine the positi
calorimeter and tracker, and check for deformatmiithie cages, by doing a laser instrument sur¥ey o
the targets after the detector has been rolledpiatce and is under vacuum. The 0.4 m inner cldius
of the detectors provides a line of sight to surtheystopping target disks from downstream. We will
have three small glass sight windows in the mu@mbstop, to allow this survey. The element-by-
element alignment and survey of each detectorhemther hand, is only practical while the detestor
are outside the solenoid.

The usual technique of using a beam with straiglet{barticles to do a final survey adjustment is no
practical; when the DS is off, a beam transportedugh the TS will blow up on exit. Cosmic rays at
45° will be a partial answer. Helical particle traéhsa reduced magnetic field, will be used to catell
any effective offsets from the surveyed elementtjpos, but the interpretation will be more
complicated than for a straight track.

1.8 Vacuum System

Vacuum is required in the detector solenoid maialjymit backgrounds from muons stopping on gas
atoms, followed by either muon decay or capturea DHO endpoint (also the-e conversion electron
energy) is given in Table 6 for different elemef8banker:1982}. As discussed earlier, the DIO pssce
is a steeply falling background with an endpoirgrgy given when the two neutrinos have zero energy.



The muon mass is 105.66 Me¥/dluclear recoil reduces the energy for light nuatel the Coulomb
binding energy reduces it for heavy nuclei. The paitht for Aluminum is 104.96 MeV. Oxygen,
present in the residual gas from small air leakd, Fuorine, present in the residual gas from teadas
CF4 leaks, have the highest DIO endpoint, 105.1 Mehe difference between these endpoints and the
Aluminum endpoint, 0.14 MeV, is not significant cpamed to the detector resolution. Therefore, fer th
Aluminum target, the gas does not introduce a “msysackground, and only contributes to the overal
detector rates. These issues still have to beeddufdr a Titanium target, including low Z impurgie

the target itself. Our estimate shows a detectiensid vacuum pressure of Z0rorr should be

adequate for the Aluminum target {meco139}.

Table 6 Maximum electron energy for different elemats.

Element | Z Emax (MeV)
H 1 100.29
He 2 104.19
Li 3 104.78
Be 4 104.95
B 5 105.04
C 6 105.06
N 7 105.09
©) 8 105.10
F 9 105.11
Ne 10 105.08
Na 11 105.06
Mg 12 | 105.01
Al 13 104.96
Ti 22 104.30

The ability to withstand high voltage dischargeiigas is a function of the pressure {Vonengel}. The
minimum voltage difference without gaseous discbdog Nitrogen is only 275 V. This occurs when
the distancel and pressurp satisfiespd = 0.75 Torr-cm. This is called the Townsend limaitd occurs
when the energy acquired between gaseous colligareater than the ionization potential, and the
number of collisions is sufficient to initiate asgaus discharge. At lower voltages, a spark wiil no
occur, but a glow discharge will develop. For oeometry, a gas pressure of*IDorr is adequate for
the detector high voltage {meco 139}.

Scattering of beam particles into the detectoeptance in 13 Torr vacuum was evaluated and found
to contribute negligibly to the detector rates. Tindtiple scattering and energy loss of the coroers
electrons contributes negligibly to the signal teon at 10° Torr.
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Figure 1.14 DS Vacuum Closure Elements. The muon beam stopthis drawing

the overall scale is still appropriate.
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Figure 1.15 showing the three cryo vacuum pumps, one turboump, and four spare ports.

The Detector Solenoid requires a closure at itgrndtream end to:

» Close off the vacuum space of the magnet warm bore.

* Provide a connection and mounting place for thegmiosed to generate and maintain the warm
bore vacuum.

* Provide instrument, power, gas and cooling feedttbhs to bring these lines through the
vacuum barrier.

* Provide for the orderly routing of cables.

* Provide partial mounting and support for the MuaaB Stop (MBS).

As the design of the vacuum closure evolved, iabhezapparent that the best way to satisfy the desig
requirements was to do so with separate elemerithwiorked together. The vacuum closure is made
up of the following four elements:

1. Vacuum Pump Spool Piece (VPSP)

2. Instrumentation Feed-thru Bulkhead (IFB)
3. Internal Cable Tray & MBS support (ICT)
4. External Cable Tray Cart (ECT)

This is illustrated in Figur&.14. The vacuum pumps mounted on the VPSP arersimoiigurel.15.

The three CF-10 cryopumps {meco130} have a tofelcize pumping speed of»610° I/s for air, 4x

10* /s for CFy, and 5x 10° I/s for C4H10. The latter two are suggested tracker gases. Whige

cryopumps, we can isolate one for maintenancegamneration while maintaining the DS vacuum with
the other two cryopumps. The pump-down of thex21®* | DS volume begins with a SDV-320 dry
screw pump located outside the shielding. Wherptlessure drops below about 0.5 Torr, the gate valve
to the SM141001 turbopump is opened. When the pressops below about 0.01 Torr, the gate valves
to the cryopumps are opened. The turbo-pump mushbedown before the magnet is energized, as the



fringe magnetic fields are above the pump spec¢iboa. The DS pressure vs. time during this initial
pump-down phase is shown in Figur&6. The magnetic field specification for the grymp is B <
0.12T. The fringe field at the location of the goyonp is 0.11T. A study by C. Chen of the UCI group
showed that with simple magnetic shielding of tisem thick iron plates, the fringe field at the
cryopump could be reduced to 0.5T with an acceptaifluence on the DS main magnetic field
{meco130}. The physics/engineering optimizationl\wi performed when funds are available. The
main radiation issue with cryo pumps is the Teftoating on the cryopump displacers. Teflon degrades
after a radiation dose of onlyAG@y. The vendor test data of the proposed rad hadieryopumps
showed no degradation in performance afterl® Gy. The calculated dose at the cryo pump location
with the new MBS design {meco127} was only 12 Gpthe lifetime of the experiment (), giving
many orders of magnitude safety factor.

0.1 1

P (Torr)

0.01 1

0.001
15 20 25

T (Min)

Figure 1.16 DS pressure during the initial pump-down. Theryopump gate valves are opened when the pressure i
below 0.01 Torr.

The main gas loads are due to out-gassing of tleédsig and beam stop materials, and leaks and gas
diffusion from the tracker gas system. A calculatod the DS pressure vs. time after pump-down lgegin
for the out-gassing vacuum load {meco130}, withbake-out, is shown in Figufiel7. Our design goal
is 10 Torr pressure after one day of pump down, so thegmt DS out-gassing load is acceptable
without bakeout. This will be re-evaluated as thgieeering design progresses. The straw leak rate
extrapolating from the leak rates measured frorglsiatraws {meco119}is less than 0.1 Torr I/s. With
two cryopumps, this gives a steady state DS vaqumessure of & 10° Torr. Although the physics
requirement is 18 Torr, we want to measure our detector rates asta. function of gas pressure down
to 10* Torr to verify our calculations, so the systemigiess adequate even if the tracker system gas
load is three times greater than our extrapolaiging the single straw leak rate measurementseSinc
the engineers have learned to be skeptical of pisysi extrapolations, they added four spare p@ts.
vacuum system design will be re-evaluated aftetrdueker system gas load has been measured.
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Figure 1.17 Calculation of the DS pressure vs. time aftggump-down begins for the out-gassing vacuum load &n

The .007 inch thick Kapton anti-proton stopping dow (see Figur&.18 ) also serves to separate the
DS and PS vacuum spaces (see MECO Reference DeBgs)s necessary to prevent neutral

radioactive atoms from diffusing into the deteatagion. The PS vacuum system has not been designed

yet; however, it should be much simpler due torttueh smaller vacuum volume without detectors

Figure 1.18 Schematic drawing of the anti-proton stoppingvindow assembly.
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within it. The radiation dose to the anti-protoamgiing window was estimated to be 12 Gy/s. Kapton
degrades between10’ and 2x 10° Gy. However, this window has vacuum on both sideghe net
force is nil during normal operation. It was cabteld that the window will yield at 400 Torr pressur
differential. Although it won't fail even at atmpiseric pressure (760 Torr), it should be replatéd i



has yielded, since if it is stressed again fromajygosite side at atmospheric pressure, it may fail
Probably the worst fault scenario is a water leaé the PS vacuum area. However, the saturated wate
vapor pressure at room temperature is only 30 Torr.

The pump-down procedure is first the PS-DS bypassewvill be opened and both the PS and DS will
be pumped down. Once the pressure is well belosid (B0 Torr), the bypass valve will be closed. The
vacuum control system will open the bypass valtbafpressure differential is greater 1 psia. Atfter
first run, the window will be removed and testedl&struction to verify our radiation dose degrautati
calculations, etc.

Figurel1.19 shows the vacuum instrumentation feed-thrdugkhead (IFB) just downstream of the
vacuum pumps. The IFB provides the DS vacuum ckoand will be withdrawn together with the
detector for maintenance between runs. The IFBigesvthe downstream termination of the internal
cable tray. This design features modular, removiseumentation feed-through panels. There are
twelve facet covers, as seen in Figlir9, each with net area of 1935%and twelve wedge covers, as
seen in Figurd.20, each with an area of 1255%fhe calorimeter feed-through pin counts are ginen
Table 7 . The last column shows the required IFEarThe calorimeter requires the largest number of
vacuum feed-throughs, assuming the tracker diggialectronics is inside the DS vacuum, and uses
less than one half the IFB available area. Thusitha very conservative design, assuming the érack
digitizing electronics is inside the DS vacuum

Table 7 Calorimeter IFB cabling.

Crystal count 1152 Area (crf)
Signal pins 4608 1162 - 3175
HV pins 2304 7200
Pre-amp power 216 300

Gating and Calib | 144 4363

Gas Lines 8 800
Cooling 8 800
Thermo-sensors | 576 397

Figure 1.19 Vacuum Closure Two-piece Configuration showinthe VPSP with vacuum pumps and the IFB. The
VPSP will remain attached to the solenoid while thé&~B will be withdrawn during internal detector servicing.



Figure 1.20 Perspective drawing of the IFB showing the fat covers and the wedge covers.
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